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Based on atomistic molecular dynamics (MD) simulations, the small angle neutron scattering
(SANS) intensity behavior of a single generation-4 polyelectrolyte polyamidoamine starburst den-
drimer is investigated at different levels of molecular protonation. The SANS form factor, P(Q),
and Debye autocorrelation function, γ (r), are calculated from the equilibrium MD trajectory based
on a mathematical approach proposed in this work. The consistency found in comparison against
previously published experimental findings (W.-R. Chen, L. Porcar, Y. Liu, P. D. Butler, and L. J.
Magid, Macromolecules 40, 5887 (2007)) leads to a link between the neutron scattering experi-
ment and MD computation, and fresh perspectives. The simulations enable scattering calculations
of not only the hydrocarbons but also the contribution from the scattering length density fluctua-
tions caused by structured, confined water within the dendrimer. Based on our computational re-
sults, we explore the validity of using radius of gyration RG for microstructure characterization of
a polyelectrolyte dendrimer from the scattering perspective. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3697479]

I. INTRODUCTION

Polyelectrolyte dendrimers are regularly branched syn-
thetic macromolecules who bear ionizable constituent
components.1, 2 With suitable structural modifications, they
have been proposed for delivery applications such as guest
material carries.3, 4 Since the seminal work by Muthukumar
and Welch,5 extensive effort of computer simulation has been
devoted to the structural study of polyelectrolytes for some
15 years.6–26 One major subject of polyelectrolyte dendrimer
computational structural investigations has been addressing
the response of single dendrimer to molecular charge. Typi-
cally, either the variation of dendrimer global size, in terms
of radius of gyration RG, or the evolution of intra-dendrimer
density profile along the radial direction is calculated. It is
particularly useful to test these structural predictions against
the corresponding physical quantities obtained experimen-
tally. It is only recently that the conformational dependence

a)Author to whom correspondence should be addressed. Electronic mail:
chenw@ornl.gov.

on molecular charge has become the primary focus of a se-
ries of small angle neutron scattering (SANS) experimental
investigations.30–38 Small angle scattering experiments com-
pliment the simulations, due to their accessibility to the rele-
vant mesoscopic length scales ranging from several Å to some
hundreds nanometers.27–29 Consistent with most of the com-
putational predictions, the intra-dendrimer density profiles ex-
tracted from SANS data analysis suggest that the dense-core
profile is indeed a generic feature polyelectrolyte polyami-
doamine (PAMAM) dendrimers, regardless of the dendrimer
molecular weight. Upon increasing the molecular protona-
tion, a significant variation in ρ(r), the density profile of
the polymer, from a dense-core profile to a more uniformly
distributed one, has been observed, suggesting the evolu-
tion of several generations of PAMAM dendrimer from low
generation ones with open architecture to high generation
ones with more tightly packed molecular structure. The ob-
served charge-triggered electrostatic swelling along with a
moderate increase in RG was not predicted in earlier simu-
lation studies of polyelectrolyte dendrimers, but it is in fair
agreement with that from later atomistic molecular dynam-
ics (MD) calculations.16, 24 A recent contrast variation SANS
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experiment indicated this charge-triggered conformational
variation is accompanied by an increase in the intra-molecular
hydration level. Quasi-elastic neutron scattering (QENS) fur-
ther revealed the enhancement of local segmental dynam-
ics upon increasing the molecular protonation of dendrimer.
However, this dynamical observation is intrinsically different
from the progressively sluggish picture predicted by Brow-
nian dynamics simulation.39 The bi-directional information
flow and mutual guidance between MD investigation and scat-
tering experiment, via scrutinizing the aforementioned struc-
tural and dynamical characteristics, indeed provides a broader
grasp of fundamental understanding of the microscopic mech-
anisms underlying the pH-responsive behaviors in this very
important class of material.

Evidenced by the documented research activities, con-
structing a better model for PAMAM dendrimers remain as
an active research subject for computational study. Atomistic
MD work conducted by Goddard and coworkers16 focused
on improving simulation models based on existing experi-
mental structural characteristics. With the Dreiding III force
field whose intermolecular parameters were optimized quan-
tum mechanically, their predicted numerical values of radius
of gyration (RG) of G4 PAMAM dendrimer showed excellent
agreement with earlier SANS model fitting results30 within
experimental uncertainties at three different levels of molec-
ular protonation. A similar quantitative success for G4, G5,
and G7 PAMAM dendrimers is also found in a recent simu-
lation work by Lee and Larson.24 These models were able to
improve the agreement with RG from SANS measurements of
the PAMAM dendrimer.

In this paper, we challenge the conventional idea that RG

provides the best measure of the global size of an object re-
garding its geometric shape, and question whether it can be
applied to a wider class of structural features. It is not the
intention of this work to keep pursuing the quantitative ac-
curacy of simulation via the approach of force field modifica-
tion. Instead, we attempt to provide an alternative perspective,
via computing more fundamental spatial correlation functions
rather than scalar parameters such as RG which only contain
contracted structural information, demonstrating other exist-
ing possibilities in which better agreement between MD and
neutron scattering experiments can also be achieved. As a
demonstration, we develop a rigorous methodology to cal-
culate the spatial correlation functions from equilibrium MD
trajectories and explore the effect of confined water structur-
ing on the scattering signature of single PAMAM dendrimer.
While a significant difference is revealed in the scattering
functions calculated from the same trajectory with and with-
out the incorporation of confined water effect, RG shows little
susceptibility to this variation in computing algorithm. This
suggests that a MD model, which renders better quantitative
agreement in RG with experiment, does not necessarily guar-
antee a more accurate description of the microstructure with-
out establishing proper comparability with experiment in tra-
jectory analysis.

This paper is organized as follows: Sec. II gives a brief
discussion about simulation procedures. Results of our equi-
librium MD trajectory analysis are given in Sec. III. We sum-
marize this report in Sec IV.

II. ATOMISTIC MOLECULAR DYNAMICS SIMULATION

The AMBER molecular dynamics package,40 commonly
used to evaluate the structural characteristics of various
dendrimers,8, 9, 41–43 was employed in this study to investigate
the small angle scattering behavior of a generation 4 (G4) PA-
MAM dendrimer and its dependence on molecular charge un-
der the explicit solvent conditions. Within the Amber frame-
work, the procedure of constructing G4 PAMAM dendrimer
is briefly described as follows: Three different residues, rep-
resenting the core, repeating, and ending blocks, respectively,
were first created as the fundamental building elements. The
core residue consists of an ethylenediamine (EDA) molecule
and two amine groups, each of which provides the connec-
tion to two repeating residues. The amidoamine present in
each repeating unit is further connected with two other re-
peating units, which are characterized as the next generation.
The simulation model of a single PAMAM dendrimer can be
constructed iteratively based on the generation with the con-
necting point of the molecular peripheral unit of hydrogen.
Different sets of residues with different levels of amino pro-
tonation were used in different G4 PAMAM dendrimer mod-
els to represent different pH conditions. The atomic partial
charges were derived using the AM1/BCC method, and gen-
eral amber force field (GAFF; Refs. 44–47) is employed to
account for inter-atomic interactions, both of which are avail-
able in the AmberTools package of the AMBER11 software.46

First, energy minimization was applied to the input struc-
ture to exclude an unrealistically excessive interaction en-
ergy resulting from abnormal distances between neighbor-
ing atoms. This was followed by simulated annealing for the
sake of accelerating the simulation. Chloride ions were intro-
duced to maintain the overall charge neutrality for the case
of charged dendrimer with positively charged amines. TIP3P
(Ref. 47) water was used to solvate the system into a trun-
cated octahedral simulation box to ensure there are at least
8 Å between the outmost molecular periphery of dendrimer
along any radial direction and the boundary of the simulation
box.

After the aforementioned preparation process, the simu-
lation was brought to equilibrium under following conditions.
Temperature and pressure were maintained at 300 K and 1
bar through applying Langevin dynamics48 and NPT ensem-
ble. The cutoff distance for force evaluation was chosen to be
10 Å. Particle-mesh Ewald summation49 and periodic bound-
ary condition were employed. All bonds involving hydrogen
atoms were applied with SHAKE constraints.50 Each simu-
lation case was run at least 7 ns and the trajectories for the
last 2 ns were used for the structural analysis presented in
Sec. III. The simulation was carried out using the Oak Ridge
Institutional cluster available at Spallation Neutron Source,
Oak Ridge National Laboratory.

III. RESULTS AND DISCUSSION

In neutron scattering experiments on colloids, the equi-
librium structure of the targeted system is generally approx-
imated as a two-phase system: the suspending colloidal par-
ticles and the continuous liquid phase consisting of solvent
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molecules.51, 52 Due to the large asymmetry in size between
the particles and solvent molecules, the solvent is generally
considered as a structureless continuum on the characteristic
length scale of the particles. From the perspective of scatter-
ing SANS experiment, scattering (except at zero-angle) is the
consequence of the compositional and density differences be-
tween the particles and solvent. A less conceivable contribu-
tion is from the density fluctuation caused by the restructuring
of solvent around the vicinity of colloid. Although the chem-
ical composition of the solvent (and therefore the bound scat-
tering length) remains invariant, the difference in the spatial
packing of solvent around the colloidal surface and the unper-
turbed bulk state can indeed generate sufficient change in the
scattering length density (SLD), ρ(r), due to density fluctua-
tion and hence affect the scattering behavior perceivably.

Effects of water structure on the structural and dy-
namical characteristics of various soft matter systems
have been observed:53, 54 For example, based on osmotic
stress force measurements, the correlation of the attrac-
tive interaction between DNA strands which cannot be
explained by classical Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory,55 and restructuring of surficial water
between neighboring double helices is indicated by Rau and
Parsegian.55–57 Using static and dynamic light scattering mea-
surements, Petsev and Vekilov58 also attribute the origin of
their observed anomalous non-DLVO hydration interactions
between apoferritin proteins to the interfacial water structur-
ing. Moreover, the microscopic structure of a water layer on
the surface of colloidal silica is further revealed by Shibayama
and coworkers59 using contrast variation SANS. Deduced
from the dynamics of confined water molecules, hierarchical
water structure near the surface of nanopowder rutile (TiO2)
and cassiterite (SnO2) is found by Mamontov and coworkers60

using QENS technique complemented by MD simulation.
The pair distribution function61, 62 has been extensively

used when the structure of water is studied. In this study, the
intra-molecular and interfacial water structure around neu-
tral and charged G4 PAMAM dendrimers can be visualized
from the intermolecular oxygen-oxygen partial pair correla-
tion functions defined as follows:

goI o(r) =
〈 ∑

i
i∈OI

∑
j
j∈O,j �=i

1

4π |rij |δ(r − |rij |)
〉

OI

, (1)

where rij is the distance between ith and jth oxygen. The water
molecules contained in the simulation box are categorized ac-
cording to their distance to the nearest constituent atom of the
polymeric components of dendrimer. In Eq. (1), OI represents
the subset of water molecules among all water molecules O
with an oxygen atom residing within the specified distance
away from dendrimer surface, and 〈〉 represents the neces-
sary subset, angular, and frame averaging processes. The nor-
malized partial pair correlation functions goo(r) are given in
Figure 1 for various charge states (neutral (α = 0 accord-
ing to our previous notation), primary amines protonated (α
= 1), and fully protonated (α = 2)). As the distance from
the dendrimer increases, the height of the first peak of goo(r),
which contains the information of local ordering, increases
steadily until the layer distance reaches 4 Å. This obser-
vation indicates that the packing of water molecules whose
distance to the dendrimer is less than 4 Å is characteristi-
cally different from that of bulk water molecules. This evo-
lution of goo(r) represents the existence of surficial water re-
structuring. An interfacial water layer with thickness of 4 Å,
within which the packing density of water is seen to decrease
progressively towards the dendrimer periphery, is indicated
by our MD model at all three different levels of molecu-
lar protonation. Therefore, in addition to the polymeric com-
ponents of dendrimer and counterions (Figure 2(a)), these
confined water molecules with packing different from that
of bulk water (Figure 2(b)) will give rise to scattering, and
one must calculate the coherent scattering cross section from
simulation results. To ensure direct comparability between
MD and experiment, another critical issue needs to be ad-
dressed: In the equilibrium MD trajectory, each atom is repre-
sented by a Dirac delta function weighted by the correspond-
ing bound scattering length. To properly reflect the scatter-
ing probability of a neutron from each spatial position, a cer-
tain volume is required to assign to each atom so that the
local SLD ρ(r) can be obtained from the bound scattering
length of each corresponding atom. Typically, one approx-
imates each constituent atom as a hard sphere with a finite
size van der Waals (VDW) radius and models the simulated
system as an assembly of spheres. From the equilibrium tra-
jectory, the corresponding Debye correlation function γ (r)
(Ref. 64) can be calculated using the dumbbell model pro-
posed by Glatter.65 The scattering intensity can therefore be
generated from γ (r) via Fourier transform once the exces-
sive local SLD �ρ(r) for each constituent hard sphere is

FIG. 1. The pair distribution function of oxygen-oxygen distance goo(r) for TIP3P water around the vicinity of a G4 PAMAM dendrimer of different molecular
protonation level: (a) neutral (α = 0), (b) protonated primary amines (α = 1), and (c) protonated primary and tertiary amines (α = 2). It is important to point
out that all the reported goo(r) reach the asymptotic value of 1 when r > 15 Å.
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FIG. 2. The snapshot of G4 PAMAM dendrimer of α = 2 created using visual molecular dynamics.40, 63 Selectively chosen atoms from simulation system
are shown. Panel (a) illustrates polymeric part of dendrimer as well as counterions. The light blue, white, blue, red, and yellow spheres represent carbon,
hydrogen, nitrogen, oxygen, and chloride atoms, respectively. In addition to the atoms present in panel (a), panel (b) incorporates interfacial water which should
be recognized as part of the scatterer. The virtual sphere used for calculation of P(Q) are shown in panel (c).

properly considered. However, this approach is unable to
address the scattering contribution from the intra-dendrimer
cavities, such as several dark regions presenting in the molec-
ular interior of dendrimer where water cannot penetrate as
shown in Figure 2(b). Apparently the scattering contribution
of these time-evolving, inaccessible voids is due to the con-
trast between bulk water and vacuum. However, at any given
instance, no atom presents in these unoccupied spatial regions
and therefore it is difficult to generally quantify the volume of
vacuum without reference points provided by the spatial co-
ordinates of atoms.

To bypass this intrinsic difficulty embedded in this dis-
crete nature of the MD trajectory, a different approach,
schematically demonstrated in Figure 2(c), is developed to
address the influence of the aforementioned structural issues
on the scattering behavior of PAMAM dendrimer. Instead of
specifying a local volume of each atom with its VDW radius,
a global sphere centered at the geometrical center of den-
drimer with sufficiently large radius is assigned to thoroughly
incorporate all the polymeric components of dendrimer, intra-
dendrimer interfacial water molecules, and voids. The re-
maining space in the simulation box beyond the spherical
boundary is mainly water molecules at the bulk phase under
the simulated thermodynamic conditions. By comparing and
contrasting the scattering power of the global sphere contain-
ing the scatterers and a virtual sphere with same radius but
consisting of bulk water molecules only, the scattering behav-
ior of a PAMAM dendrimer, which is a collective manifesta-
tion compositional and density fluctuations in comparison to
bulk water, can now be rigorously characterized.

To compare with our previous experimental result,30

the intra-dendrimer structure factor of dendrimer P(Q), also
known as the form factor, is calculated with three different
levels of molecular charge: neutral (α = 0), with protonated
primary amines (α = 1), and fully protonated (α = 2). The
scattering amplitude, resulting from the contrast between
the scatterer and bulk water with uniform density, is given by
the following expression:

F ( �Q) = FMD,sphere( �Q) − FD2O,sphere( �Q)

=
∫

sphere
ρMD(�r)e−i �Q·�rd�r

−
∫

sphere
ρD2O(�r)e−i �Q·�rd�r, (2)

where ρMD(�r) = ∑N
i=1 b(�ri)δ(�r − �ri) represent all the N

atoms enclosed in the global sphere. The first term of the
right-hand side (RHS) of Eq. (2) therefore can be expressed as

FMD,sphere( �Q) =
∫

sphere

N∑
i=1

b(�ri)δ (�r − �ri)e
−i �Q·�rd�r

=
N∑

i=1

b(�ri)e
−i �Q·�ri �r. (3)

Since ρD2O(�r) = ρD2O , the second term on the RHS of
Eq. (2) can be further scalarized as

FD2O,sphere( �Q) = FD2O,sphere (Q)

= ρD2O

∫
sphere

e−i �Q·�rd�r

= 4πρD2O

sin(QR) − QR cos(QR)

Q3
. (4)

From Eqs. (2)–(4), P ( �Q) can be shown to take the following
expression:

P ( �Q) = F ( �Q)F ( �Q)∗

=
∣∣∣∣∣

N∑
i=1

b(�ri)e
−i �Q·�ri

∣∣∣∣∣
2

− 2FD2O,sphere (Q)

×
[

N∑
i=1

b(�ri) cos( �Q · �ri)

]
+ FD2O,sphere (Q)2 .

(5)

The final form of P(Q) is obtained after angular and time
averaging processes

P (Q) = 〈P ( �Q)〉

=
〈∣∣∣∣∣

N∑
i=1

b(�ri)e
−i �Q·�ri

∣∣∣∣∣
2〉

− 2FD2O,sphere (Q)

×
〈

N∑
i=1

b(�ri) cos( �Q · �ri)

〉
+FD2O,sphere (Q)2.

(6)

The calculated P(Q), along with that generated from SANS
model fitting parameters, are presented in Figure 3. As shown
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FIG. 3. Comparison of the form factor P(Q) of G4 PAMAM dendrimer obtained from MD simulation and SANS model fitting as a function of molecular
protonation in semi-log plots (Figures 3(a)–3(c)) and logarithmic plots (Figures 3(d)–3(f)). A better quantitative agreement is reached with the incorporation of
the scattering contributions from the density fluctuations introduced by confined water structuring and voids.

in the semi-log plots presented in Figures 3(a)–3(c), the
calculated P(Q) which incorporates the additional scattering
contribution from the density fluctuations introduced by con-
fined water structuring and intra-molecular voids (red curves)
indeed show a better qualitative agreement, especially in the
higher-Q region, with experimental P(Q) (black curves) than
the P(Q) calculated only from the compositional difference
between the polymer components of dendrimer and bulk
water. The same curves are presented again in Figures 3(d)–
3(f) on a logarithm scale. Upon increasing the molecular
protonation, our calculated P(Q) indeed exhibits a gradually
enhancing bump centering around Q = 0.2 Å−1 which is
consistent with our previous experimental observation.27

The radius of gyration RG has been commonly used in many
computational studies of PAMAM dendrimers as an index
parameter to describe its size variation in response to external
conditions. It is therefore worth exploring its usefulness in
characterizing the varying microscopic structure revealed by
P(Q). It is important to point out that the RG deduced from a
SANS experiment takes the following expression:

R2
G =

∫ �r2�ρ(�r)d�r∫
�ρ(�r)d�r . (7)

Instead of computing RG by local SLD ρ(�r),16 a proper
evaluation of RG from equilibrium MD trajectories should
be made based on the excessive SLD �ρ(�r) for the sake of
direct comparison with SANS experimental results. Upon
increasing the molecular protonation from α = 0 to α = 2,
similar to the previous studies, an increase in RG from 19 Å
to 23 Å is found in our simulation. It is important to point out
that, judging from the quantitative values of the P(Q) calcu-
lated from two different methods within the Guinier region66

(QRG � 1), no significant change in RG is found when the
influence of confined water and intra-molecular voids is
incorporated in our computation. It is evident that the detailed

local structural information, which is reflected in the high-Q
region of P(Q), is lost by the integration process presented in
Eq. (7). Therefore, this insensitivity suggests that RG can only
provide the quantitative information about the global size of
a dendrimer and cannot describe more detailed variations in
the internal structure of dendrimer-water complex.

An intriguing question about what is the reason for the
disagreement between experimental P(Q) (black curves) and
that generated by MD (red curves), even with sophisticated
computational methodology and thorough structural consider-
ation, has not been answered unambiguously. It is our conjec-
tures that, inspired by the work of Goddard and coworkers,16

there might be some room for optimizing the potential param-
eters of GAFF for atomistic simulation of a polyelectrolyte
dendrimer and the improvement might lead to better agree-
ment in comparison with experiment. Minor quantitative dif-
ferences in P(Q) are also expected if a different computa-
tional water model with different approximation of molecular
mechanism is used in the simulation. From the experimen-
tal perspective, the approximation of factorizing SANS inten-
sity into intra-molecular form factor P(Q) and inter-molecular
structure factor S(Q),27 which is valid for monodisperse pop-
ulation of spherical scatterers, used in our SANS data anal-
ysis for the sake of its mathematical convenience, may not
be able to fully describe the additional correlation between
the dendrimer orientations and their spatial positions since
the shape of dendrimer is not entirely spherically symmet-
ric especially in its neutral state. This approximation may ac-
count for, to some certain extent, the disagreement of P(Q) in
the high-Q region. Moreover, we believe the observed larger
disagreement between experimental P(Q) and that generated
by MD for the case of α = 0 is due to the approximation
of microscopic properties of water by TIP3P model, whose
applicability and limitation has been previously explored.67 It
is possible that various intra-molecular interaction involving
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FIG. 4. Comparison of the pair distance distribution function (PDDF) p(r) of G4 PAMAM dendrimer obtained from MD simulation (red curves) and indirect
Fourier transform (IFT) of experimental model fitting data (black curves) at different molecular protonation levels.

invasive water molecules may not be fully addressed quan-
titatively in the neutral case. For both charged cases, the
dendrimer structure is mainly determined by the additional
intra-molecular electrostatic interactions, which appears to
be better accounted for in the computational model. Conse-
quently, a better quantitative agreement between experiment
and MD is seen in Figures 3(b), 3(c), 3(e), and 3(f).

It is instructive to digress briefly into the concept of
the aforementioned Debye correlation function γ (r),64 whose
usefulness may be demonstrated by comparison with the par-
tition function of equilibrium statistical mechanics. As is well
known, all of the thermodynamic properties of any particular
system can be obtained by calculating the partition function
of a suitable statistical ensemble.68 γ (r) plays a similar role
in determining the material structure from the physical pro-
cess of elastic scattering: The experimentally measured co-
herent scattering cross section can be directly linked to γ (r)
via a Fourier transform.28, 29 Several diagrammatic represen-
tations of small angle scattering data analysis, such as Holtzer
plots, Kratky plots, Porod’s law, and Kriste-Porod’s formula,
can be calculated from the derivatives of γ (r) with different
corresponding order to extract the various structural charac-
teristics such as particle stiffness, global size, and interfacial
inhomogeneities from small angle scattering spectra.69–72 In
Figure 4, we present the evolution of γ (r) calculated from
the equilibrium MD trajectory with the inclusion of the effect
of confined water structuring and intra-molecular voids (red
curves). Due to the discrete nature of an atomistically sim-
ulated PAMAM dendrimer, the MD-generated γ (r) assumes
the same role as pair distance distribution function p(r) which
is the second moment of γ (r) (namely, r2γ (r)) in the contin-
uum limit. This validity of argument can be demonstrated by
the following mathematical derivations:

Before angular average γ (�r) can be defined as

γ (�r) = 1

nfγ

∑
i

∑
j

�ρ (�ri) �ρ(�rj )δ(�r − �ri + �rj )

= 1

nfγ

∑
�

γ (�r�)δ (�r − �r�) ,

�r� = �ri − �rj . (8)

In Eq. (8), � indicates the summation is carried out over cor-
relations between any two atoms in whole scattering contribu-

tors including polymeric components of dendrimers, confined
water molecules, and counterions. nfγ is a normalization fac-
tor. P ( �Q) can be obtained from following equation:

P ( �Q) = 1

nfγ

∫
γ (�r)e−i �Q·�rd�r = 1

nfγ

∑
�

γ (�r�)e−i �Q·�r� .

(9)
If γ (r) is continuous, P ( �Q) takes the following expression:

P ( �Q) = 1

nfγ

∫
γ (�r)e−i �Q·�rd�r

= 1

nfγ

∫∫∫
γ (�r)e−i �Q·�r r2 sin(θ )drdθdϕ

= 1

nfγ

∫∫∫
p(�r)e−i �Q·�r sin(θ )drdθdϕ. (10)

From the last equalities on the RHS of Eqs. (9) and (10), the
equivalence of γ (r) for a spatially discrete system and p(r)
for the same system in continuous limit is clearly seen af-
ter the scalarizing process of Eq. (6). Evidenced by the docu-
mented scattering studies,28, 29 p(r) has been commonly used
in various inverse scattering analyses for small angle scatter-
ing data analysis to find the size, shape, and internal structure
of a scatterer from its measured scattering intensities.70, 73–75

The p(r) obtained from inverse Fourier transform of an ex-
perimentally determined P(Q) (black curves) is plotted in
Figure 4 for comparison. Similar to the P(Q) presented in
Figure 3, better agreement is seen between the MD and ex-
perimental p(r) for protonated dendrimer. In addition to the
aforementioned orientational coupling issue which becomes
more significant in the case of a neutral dendrimer due to its
higher conformational aspect ratio, the quantitative accuracy
of converting experimental P(Q) to p(r) is also hindered by
the intrinsic limit embedded in the finite accessible Q range
in a practical small angle scattering measurement. Unrealistic
features could be introduced to p(r) via the necessary artifi-
cial smoothing and termination procedures for data transfor-
mation in this inverse approach. In this regard, providing suf-
ficiently precise force field and proper trajectory analysis are
adopted in simulation, the MD-generated p(r), which is free
from the constraint of limited spatial accessibility, is therefore
mathematically advantageous to serve as a fundamental func-
tion to provide unbiased microscopic structural interpretation
which is difficult to obtain experimentally. For example, with
the availability of γ (r), the structural implication of the bump
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FIG. 5. The excess neutron scattering length density profiles �ρ(r) of G4
PAMAM dendrimers obtained from MD simulation as a function of molecu-
lar protonation. The experimental �ρ(r) (Ref. 35) determined from contrast
variation SANS study is given in the inset.

centering around Q = 0.2 Å−1 in P(Q) for charged dendrimer
shown in Figure 3 can be understood: The MD-generated p(r)
presented in Figure 4 (red curves) becomes less skew around
its peak and more unimodally distributed with the increase in
molecular charge. Since p(r) gives the probability of finding
atomic chords with a mutual distance between r and r + dr
in the interior of dendrimer, the evolution of p(r) suggests the
uniformization of the intra-dendrimer excess SLD distribution
due to molecular charge and sphericalization of the dendrimer
global shape. The bump in P(Q) can be viewed as a collective
manifestation of these two factors.

Finally, we compare the MD-calculated structural char-
acteristics of a G4 PAMAM dendrimer with our previous re-
sults obtained from contrast variation SANS experiments.38

The angularly averaged excess neutron SLD profiles, �ρ(r),
are given in Figure 5. Consistent with the evolution of γ (r)
displayed in Figure 4, a charge-triggered outward SLD re-
distribution is seen. A similar trend is also observed in the
evolution of the radial SLD distributions of polymeric com-
ponents of dendrimer ρ(r) presented in Figure 6. As indi-
cated by many previous simulation studies, under the charged

FIG. 6. The radial SLD distributions of polymer ρ(r) of G4 PAMAM den-
drimers obtained from MD simulation at three different levels of molecular
protonation. The experimental ρ(r) is given in the inset.

conditions, the entropy-driven backfolding process of the end
groups is no longer energetically favorable due to an addi-
tional intra-molecular Coulomb repulsion. It is the outward
relocation of these end groups which smears out the dense-
core picture from the neutral dendrimer and renders a more
uniformly distributed density profile at the charged state.
However, whether this conformational change can be defined
as a dense-core to dense-shell transition, as asserted by God-
dard and coworkers16 in their simulation study, remains sub-
ject of scientific debate. It is understood that the lack of dense-
shell picture in �ρ(r) and ρ(r) of charged dendrimer shown
in the insets, which quantitatively agrees with MD-generated
counterparts beyond the core region, is due to the form fac-
tor model based on Gaussian approximation of density pro-
file. However, from the perspective of neutron scattering, due
to the presence of the non-labile protons in the EDA core of
PAMAM dendrimer, both �ρ(r) and ρ(r) exhibit their high-
est values in the molecular core region, regardless the de-
gree of molecular protonation. It is worth mentioning that a
similar observation is also reported in Ref. 16. Second, the
generally accepted dense-core picture of neutral dendrimer
is reflected in the MD-generated p(r) with positive skewness
(Figure 4(a)). The unskew unimodal distributions of p(r) for
α = 1 (Figure 4(b)) and α = 2 (Figure 4(b)) clearly support
the profile of a nearly uniform SLD distribution, instead of the
dense-shell picture featured by a p(r) with negative skewness.

As demonstrated in our previous experimental study,
the degree of molecular hydration, which is quantified by
the number density of penetrating water molecules per unit
volume H(r), can be deduced from SANS fitting based on our
developed model with two assumptions of negligible isotopic
effect and geometric centrosymmetry of dendrimer.38 The
computational H(r) presented in Figure 7 is seen to increase
in the core region of 15 Å and decrease in the corona region
due to the outstretching end groups, which is qualitatively
consistent with the evolution of �ρ(r) and ρ(r) shown in
Figures 5 and 6, respectively. Moreover, in comparison to
the experimental results presented in the inset, the computed
H(r) also shows considerable quantitative success in the

FIG. 7. The angularly averaged number density of invasive water per unit
volume H(r) obtained MD simulation as a function of molecular protonation.
The experimentally determined H(r) is given in the inset.
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FIG. 8. The total number of invasive water nwater(r) obtained from MD sim-
ulation as a function of molecular protonation. The SANS determined values
are presented in the inset.

prediction of the evolution of intra-molecular hydration as a
function of molecular protonation, especially in the spatial
region ranging from 10 Å to the molecular periphery along
the radial direction of dendrimer.

Figure 8 gives the total invasive water population along
the radial direction nwater(r), which is obtained from evaluat-
ing the spatial integral with the MD-predicted H(r) as the inte-
grand. A generally good quantitative agreement between the
MD predictions and the experimental results obtained from
contrast variation SANS investigation is seen for dendrimer
with different degree of molecular protonation. Nevertheless,
a minor increase in nwater(r) within the intra-molecular region
from 10 Å to 30 Å is predicted but was not observed by con-
trast variation SANS investigation within experimental uncer-
tainties, probably due to the limitation of instrumental resolu-
tion and various aforementioned constraints of the theoretical
model of coherent scattering cross section for PAMAM den-
drimer used in SANS data analysis.

IV. CONCLUSIONS

In this report, the SANS intensity behavior of G4
PAMAM dendrimer is investigated using atomistic MD
simulation at different levels of molecular protonation. Two
different correlation functions, the small angle neutron scat-
tering form factor P(Q) and the Debye correlation function
γ (r), are calculated from the equilibrium trajectories based on
a methodology which rigorously incorporates the scattering
contributions from the compositional and density fluctuations
of the dendrimer, the counterions, and the water. The critical
influence of confined water on the microstructure of a
dendrimer dissolved in water is evidenced by the necessity
of including the additional scattering signature contributed
by the interfacial and intra-molecular water density fluc-
tuation in the MD-predicted P(Q) for improved agreement
with experiment. The validity of this proposed trajectory
analysis approach is further demonstrated by the satisfactory
quantitative agreement between computational prediction
and experiment on several computationally structural char-
acteristics such as excess and polymeric scattering length

density profiles and degree of hydration. This methodology
developed in this work could also be applied to bridge the
link between computational and experimental scattering
functions for the general colloidal systems in which confined
water structuring is relevant to their microstructure, such as
protein solutions, to investigate the effect of interfacial water
structuring, and therefore it could benefit other researchers in
the larger field of soft matter.
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